In many laboratories, the titrimetric method of Van de Kamer is used for the analysis of faecal fat content of patients suspected of steatorrhoea. We investigated the applicability of a mid-infrared (MIR) spectroscopic method, using an attenuated total re¯ection (ATR) accessory, and a new near-infrared (NIR) spectroscopic method. For the NIR method, sealed plastic bags containing the stool samples were used as transmission cells. Standardization was obtained using a previously described MIR method, with a NaCl¯ow-cell, as reference method. Partial least-squares regression was used for the calibration of each method. Full cross-validation of the calibration set was used for the internal validation of each method. Fifteen per cent of the stool samples could not be estimated with the ATR method within reasonable accuracy limits compared with the reference. The standard error of prediction of the NIR method was 1´1 g/dL. We conclude that the new NIR method is a promising technique for routine use. However, further experiments need to be done with triplicate measurements of each sample and the use of an external validation set.
INTRODUCTION
The titrimetric method described by Van de Kamer et al. 1 is still the most important direct assay of faecal lipid content for the diagnosis and monitoring of steatorrhoea. However, various other traditional laboratory assays, such as gravimetric 2 and acid steatocrit 3 methods, are also used for the determination of faecal fat. Unfortunately, most of these methods are timeconsuming and cumbersome for laboratory technicians.
Other assays, based on infrared (IR) measurements, have been developed. Several authors reported on the use of a near-infrared (NIR) re¯ectance method, 4±7 some of which used a gold-plated integrating sphere as sampling device. One of these publications 7 described NIR re¯ectance measurement through a poly-ethylene±polyamide ®lm. Recently, Franck et al. described a method based on mid-infrared spectroscopy (MIR) using an attenuated total re¯ectance (ATR) sampling device. 8 They noted that some preselection of samples was necessary. The advantage of their method is that it makes use of standard Fourier transform infrared (FT-IR) equipment which can also be employed in other clinical chemical applications, such as analysis of the composition of urinary stones. 9 Both IR methods are based on re¯ectance measurements. The major advantage of these IR spectroscopic methods for faecal fat determination is that the measurements can be performed on untreated stool samples. This prevents prolonged handling of stools using extraction procedures.
In the case of conventional assays, simple calibration and calculation methods can be used, often based on primary standard mixtures. However, measurements of untreated stool samples containing a large number of interfering substances result in complex IR spectra. Calibration and prediction of the component concentrations of interest, in the presence of many interfering substances, require the use of more sophisticated multivariate calibration methods such as multiple linear regression (MLR) and partial least-squares (PLS) regression. 10 Consequently, measurements of untreated stool samples require secondary reference samples for calibration. These are biological samples from which the sample compositions have been determined by means of a generally accepted method, such as that of Van de Kamer. However, Bekers et al. 5 highlighted the need to create a new calibration curve in every clinical chemical laboratory when using secondary reference samples. A paper describing a multicentre trial showed that the results of the Van de Kamer method were poorly exchangeable. 11 The authors of this paper developed a method based on a simple extraction of faecal fat from stool samples and determination by MIR spectroscopy using a NaCl transmission cell, which resulted in improved standardization.
The aim of the current study was to investigate the applicability of IR spectroscopic methods for the determination of faecal fat, without the necessity of any sample pretreatment. We developed a new NIR spectroscopic method using plastic bags as transmission cells. We also reinvestigated the applicability of the MIR spectroscopic method using the ATR sampling device. 8 Standardization was obtained with the previously described MIR technique as reference method. 11
MATERIALS AND METHODS

Sample collection
One hundred and nineteen stool samples were collected from patients suspected of malabsorption and maldigestion. The stools were collected over three successive days, stored at 7208C until analysis and carefully homogenized before measurement. Homogeneity was obtained by manually blending the complete stool sample with a stirring rod for at least 4 min. From each stool, the relative water content was determined by weighing the sample before and after freezedrying. A visual estimation of the homogeneity was also recorded.
Determination of faecal fat using the¯ow-cell reference method
The fat content of the 119 stool samples was estimated with the MIR cell method. 11 Brie¯y, after addition of HCl and ethanol, all samples were extracted once with petroleum ether. After evaporation of the lipid extracts, the samples were dissolved in chloroform and measured in a NaCl transmission¯ow-cell (path length 0´1 mm; Specac Ltd, Kent, UK). Primary standard mixtures of stearic±palmitic acid (65/35) were used for calibration. Chloroform was used for background measurements. The spectra were recorded in the MIR region, 3500±1500 cm 71 , at 4 cm 71 wavenumber intervals, using a Bio-Rad Excalibur FTS 3000MX spectrometer with Merlin software (Bio-Rad, Cambridge MA, USA). Calculation was based on the peak height of the CH 2 band at 2855 cm 71 . Each stool sample was analysed in duplicate. The measured faecal lipid contents of the stools were used as secondary reference standards.
Determination of faecal fat using the ATR method
The homogenized samples (n=119) were spread out on a horizontal attenuated total re¯ectance (h-ATR) sampling device and measured with the FTS 3000MX spectrometer. Each sample was analysed in duplicate. Between each measurement the ATR crystal was successively cleaned with water and 96% alcohol then carefully dried under a steam of nitrogen. The h-ATR trough plate assembly was supplied with a nine-re¯ection ZnSe crystal (Pike Technologies, Madison WI, USA). Background measurements were performed with water on the crystal. The spectra were acquired in the MIR region, 4000± 750 cm 71 , at 4 cm 71 wavenumber intervals.
The recorded absorbance spectra were transferred to a program for quantitative analysis (The Unscrambler 6.11; Camo ASA, Oslo, Norway). With this program the ®ngerprint area of the spectra (1800±900 cm 71 ) was selected. The variances of the spectra were uni®ed by normalization 10 of every spectrum with respect to its area under the curve of the selected wavenumbers. PLS regression was used for calibration using the results of the¯ow-cell method as reference data.
Determination of faecal fat by the new NIR transmission method
For 12 of the samples we did not have suf®cient material to perform the analysis. From the remaining 107 samples, about 2±3 g of each stool sample was transferred to a transparent plastic bag of polyethylene ®lm, 25 mm thick. After vacuum-sealing the bags, the samples were measured with a new transmission device (PB Sensortechnology & Consultancy bv, Westeremden, The Netherlands). Using this device, the path length of the`plastic bag' transmission cells was set at exactly 5´0 mm. The optical beam diameter was 1 cm. Each sample was measured twice, using a different spot of the sample in the plastic bag. A plastic bag ®lled with air was used as reference measurement (blank or 100%). The spectra were acquired in the NIR region, 850±1400 nm, at 5-nm wavelength intervals, using a scanning spectrometer ( Fig. 1 ). This spectrometer was made up of the following commercially available parts: tungsten halogen light source (30 W), SpectraPro Monochromator (150 mm), grating (bandpass performance 5 nm), InGaAs detector (5 mm), quartz light ®bre (6 mm) and a Spectracard for data acquisition (all from Acton-Research, Massachusetts, USA). The recorded absorbance spectra were transferred to Unscrambler for quantitative analysis. The wavelength range of 900±1375 nm was selected. The spectra were normalized on their area under the curve. After this, each spectrum was smoothed by the Stavitzky±Golay method 12 using a polynomial order of ®ve. PLS regression was used for calibration using the results of the¯ow-cell method as reference data.
PLS regression of the ATR and NIR measurements
To prevent the occurrence of over-optimistic results derived from the PLS regression, full cross-validation was used, in which each calibration sample was successively removed from the calibration set and considered as an unknown. The result of this`unknown sample' was then predicted based on the remaining n71 calibration samples. In all cases, the results from this socalled internal`cross-validation' method, based on patient data, were used for method comparison. The internal cross-validation results were also used for estimation of the optimum number of PLS factors 10 to prevent over-or under-®tting of the calibration model. The optimum number of PLS factors accounts for most of the predictive ability of the PLS calibration model. Using PLS regression, an extensive outlier and in¯uence detection was carried out. 10
Method comparison
The NCCLS EP9A guidelines were followed for method comparison using patient samples. Passing and Bablok regression 13 was used for determination of the agreement between the reference method (¯ow-cell) and the ATR and NIR methods. Samples with high within-method or between-method duplicate outliers were removed, according to the EP9A guidelines. In addition, we also calculated the within-method duplicate error, expressed as a standard deviation. The duplicate results of each sample were averaged before performing the Passing and Bablok regression. In addition to the slope, intercept and correlation coef®cient, the standard error of prediction (SEP, also expressed as S Y,X ) was calculated for estimation of the prediction bias.
Precision and linearity of the methods
The analytical precision and linearity of the ATR and NIR methods were tested using Lipofundin (Braun Melsungen AG, Melsungen, Germany), a lipid-containing intravenous¯uid with 20% medium-chain and long-chain triglycerides. Two concentrations were used: 5% and 10% lipid. We also performed precision measurements using two stool samples, with 6´4 g/dL and 10´0 g/dL faecal fat, respectively.
The repeatability (intra-assay) was tested by means of an independent six-fold (Lipofundin) or ten-fold (stool samples) measurement at each level. The reproducibility (inter-assay) was obtained by measuring each level in duplicate on six (Lipofundin) or ten (stool samples) consecutive days. From these data, the intraand inter-assay coef®cients of variation (CV) were calculated. The linearity of the methods was tested with a Lipofundin dilution series, ranging from 2´5% to 20% lipid at 2´5% intervals. Each concentration level was measured ®ve times. The Lipofundin dilution series was also used as a calibration model for the Lipofundin precision measurements, in accordance with the calculation methods described for the ATR and NIR methods.
RESULTS
The majority (77%) of the stool samples had normal water contents (70±80%), 10% had a water content less than 70% and 13% of the stools contained more than 80% water; 92% of the samples had a normal visually estimated homogeneity (no visible food, or other fragments). Faecal fat analyses with the¯ow-cell method showed that 117 of the 119 stool samples had a fat content in the range 0´2±18´9 g/dL [g fat/100 g faeces wet weight (w/w-%) ]. These fat contents were equally distributed across the entire concentration range. Two of the 119 samples had an extremely high fat content (30´1 and 31´1 g/dL, respectively) and were only used as validation samples for the ATR and NIR methods. Selection of the spectral regions for PLS regression was based on inspection of the PLS loading weights and regression coef®cients for both the ATR and the NIR methods. For the ATR method a continuous wavenumber range, 1800± 900 cm 71 (®ngerprint area), was selected, whereas for the NIR method a wavelength range of 900± 1375 nm was selected. Figure 2a shows ten NIR spectra for the selected wavelength range (stool samples ranging from 1´0 to 4´6 g/dL fat). Figure  2b shows the PLS regression coef®cients of the NIR spectra of the ®nal calibration model, showing the most important spectral phenomena. Figure 2c shows a spectrum of sun¯ower oil.
After PLS regression applied on the 117 ATR spectra, 16 samples proved to be outliers with great in¯uence on the PLS regression analysis compared with the¯ow-cell method. After removing these 16 samples, 14 PLS factors were necessary to obtain a stable PLS regression using full cross-validation. For these 101 remaining calibration samples neither within-nor betweenmethod outliers were found according to the EP9A guidelines. The Passing and Bablok comparison method applied on the 101 ATR samples demonstrated a slope of 0´935 (0´865± 1´006), an intercept of 0´433 (70´152±0´824), a correlation coef®cient of 0´9411 and a SEP of 1´1 g/dL, compared with the¯ow-cell method.
PLS regression analysis of the 105 patient samples analysed with the NIR method did not show in¯uencing outliers. However, one sample had to be removed from the calibration data because it turned out to be a between-method outlier based on the EP9A guidelines. After removing this sample, eight PLS factors were necessary to obtain a stable PLS regression, using full cross-validation. Passing and Bablok comparison applied on the PLS regression results from the remaining 104 NIR patient samples demonstrated a slope of 0´964 (0´902±1´025), an intercept of 0´218 (70´141±0´576), a correlation coef®cient of 0´9570 and a SEP of 1´1 g/dL fat, compared with the¯ow-cell method. Figure 3 shows the Passing and Bablok method comparison charts for the ATR (Fig.  3a) and NIR (Fig. 3b ) methods, both against the estimated fat content obtained with the¯ow-cell method.
All outliers, including the two samples with more than 30 g/dL fat, were analysed as external validation samples. The PLS predicted data from the 18 ATR outlier spectra are shown in Fig. 4 . Seven of the 18 outliers were stool samples with low or high water contents, or had abnormal visual homogeneity.
Only two of the ATR outlier samples corresponded to the 12 samples that were unavailable for NIR analysis because of lack of sample material. The predicted outcomes (in g/dL) of the three samples (one between-method outlier and two extreme fat contents), which were left out of the NIR method, were: 11´9/ 15´1, 30´1/32´3 and 30´1/35´6 (¯ow-cell/NIR, respectively). The within-method duplicate error (expressed as standard deviation) obtained by the PLS cross-validation results of the ATR method was 0´55 g/dL and 0´74 g/dL for the NIR method. The results from the precision and linearity measurements of the ATR and NIR methods are shown in Table 1 .
DISCUSSION
FT-IR measurements of untreated stool samples can be performed rapidly, without prolonged specimen handling. Several authors reported the use of a NIR re¯ectance method, 4±7 some using a gold-plated integrating sphere as sampling device in combination with dedicated equipment. However, in clinical chemistry, the applicability of this rather expensive equipment is restricted to the application of fat, sugar, nitrogen and water contents of faeces. Therefore, the applicability of this equipment is hampered by the necessity of substantial numbers of samples to be analysed in order to justify the purchase of the apparatus. 5 Franck et al. 8 described the use of a FT-IR method, employing an ATR sampling device, for the prediction of faecal fat. They made preliminary sample selections, based on the faecal water content and the sample homogeneity. Only samples with normal water contents (called type P1 and P2) and normal homogeneity were allowed to enter the PLS regression analysis. Using these criteria, about 65% of all stool samples from patients suspected of steatorrhoea could be analysed by IR spectroscopy. We also examined the applicability of this ATR method, but did not use such preliminary sample selections. Fifteen per cent (18 out of 119) of our samples proved to be serious outliers using PLS regression with full cross-validation. Only 39% (seven out of 18) of these outliers turned out to be abnormal with respect to water contents or visual homogeneity, suggesting that there must be additional factors causing these outliers. ATR is a re¯ectance measurement with an extremely small penetration depth (maximally 5 mm in the MIR region) in a sample spread on the ATR crystal. 14 Fat is highly insoluble in water, and even small departures from sample homogeneity can cause errors using this method. Using the ATR method, it was necessary to use 14 PLS factors to obtain a stable PLS regression equation. From this high number of factors it can be concluded that the ATR spectra (in the region 1800±900 cm 71 ) have too complex a matrix structure to be solved with PLS regression. We developed a new NIR method based on traditional transmission measurement. Unfortunately, water causes very high absorbance levels in the NIR region. To minimize these absorbance effects, we used only the lower part of the NIR region (850±1400 nm) to retain suf®cient path length for our transmission measurements. Another cause of the loss of light is the degree of light scattering caused by the sample. Using the NIR region of 850±1400 nm it was possible to use a path length of 5 mm. We also used an optical beam diameter of 1 cm, which consequently covered a large part of the sample. The thickness of the polyethylene ®lm of the plastic bag amounted to only 1% of the total path length. To compensate for possible side-effects of the plastic ®lm, we used an empty plastic bag for blank measurements. Using a continuous spectral range from 900 to 1375 nm proved to be the best for PLS regression. In this spectral region, the CH 2 second overtone band (C±H stretch) at 1215 nm 15 was demonstrated to be the most important band for lipid calibration (Fig.   2b ). Only one sample was detected as an outlier using this method.
After removing the outliers from the calibration datasets, the slopes of the two methods (ATR and NIR) did not substantially differ from 1´0 and the intercepts were not signi®cantly different from 0´0 using Passing and Bablok regression analysis. The SEP of both methods was 1´1 g/dL using full cross-validation. We used a reasonably large number of calibration samples covering the actual concentration range. We also performed careful PLS modelling, aiming at reducing prediction error. This was done by data preprocessing, optimizing the number of PLS factors to prevent under-and over-®tting of the model and by looking for possible outliers. Therefore, we expect that the errors obtained with the full cross-validation procedure will be similar to the errors that will be obtained with an external validation set. 10 Franck et al. 8 obtained a similar SEP (1´06 g/ dL), using 91 external validation samples with concentrations ranging from 0´5 to 13´5 g/dL fat.
A large number of the 18 samples determined as outliers with the ATR method had severe deviations from the¯ow-cell method when their fat contents were determined as validation samples (see Fig. 4 ). No such severe deviations were found for the three validation samples of the NIR method: 11´9/15´1, 30´1/32´3 and 30´1/ 35´6 g/dL lipid for the¯ow-cell/NIR methods, respectively.
The linear ranges of the ATR and NIR calibration methods were large enough to cover the faecal fat concentrations of patient samples suspected of steatorrhoea. The analytical precision of the NIR method is slightly less than that of the ATR method, but good enough for routine practice, because the sampling errors of faecal fat determination are probably much larger. The within-method error of the NIR method (0´74 g/dL) is greater than that obtained by the ATR method (0´55 g/dL). Inspection of the EP9A scatter plot for the¯ow-cell and NIR method of all the results (contrary to the mean of the replicates in Fig. 3b ) showed that many of the replicate results from the NIR method deviate to some extent from each other. However, these differences were all within the acceptability levels of the within-method duplicate test, according to the EP9A guidelines. From this ®nding, we conclude that it would be advisable to perform at least a triplicate measurement of each stool sample using the NIR method. Based on our ®ndings and those of Franck et al. ± namely, that the fat content of a certain number of stool samples could not be estimated with the ATR method within reasonable accuracy limits compared with the reference method ± we do not recommend the use of this method. As mentioned earlier, we think that this result is probably caused by the very small penetration depth in the sample material.
Finally, we conclude that the NIR method, using sealed plastic bags as transmission cells, makes handling of the stool samples less cumbersome for laboratory technicians. The linearity, precision and SEP of the NIR method seem to be adequate for routine practice of the calibrated and evaluated concentration range. However, further experiments should be done with triplicate measurements of the stool samples and using an external validation set. Based on our ®ndings, we think that the new NIR method, based on transmission measurements, is a promising technique for routine analysis of faecal fat.
